Introduction
Half a century ago, the recognition of species-specific behaviors contributed to a conceptual convergence between the disciplines of ethology and comparative psychology [Lorenz, 1950; Schneirla, 1952; Dethier and Stellar, 1961; Mason and Lott, 1976] . The subsequent emergence of neuroethology produced an understanding of several species-specific actions at the level of their under-lying neural circuits [Willows and Hoyle, 1967; Camhi, 1984; Kandel, 1975 Kandel, , 1979 . Some of these circuits were comprised of 'identified neurons' that were readily observed in all members of a particular species [Wiersma, 1952; Bullock and Horridge, 1965] . Comparisons of extant species led to the identification of homologous neurons [Sakharov, 1976; Weiss and Kupfermann, 1976; Granzow and Rowell, 1981; Pentreath et al., 1982; Croll, 1987] , providing opportunities to perform comparative studies that could disclose general principles of nervous system adaptation and evolution [Arbas et al., 1991; Katz, 1991; Paul, 1991; Katz and Harris-Warrick, 1999] .
The motor systems that generate feeding-related behaviors of gastropod mollusks provide fertile terrain for expanding our understanding of neural homologies and the evolution of neural networks [Benjamin, 1983; Bulloch and Ridgeway, 1995; Murphy, 2001; Elliott and Susswein, 2002] . Importantly, the motor patterns that these circuits generate can be directly related to parameters of feeding actions that are likely to reflect adaptations to evolutionary pressures. The adaptive radiation of the class Gastropoda produced a remarkable variety of feeding strategies and structures [Kohn, 1983; Audesirk and Audesirk, 1985; Chase, 2002] . For example, in Conus detachable radular teeth can be used as harpoons to inject toxins [Duda et al., 2001] , whereas in Navanax the radula is lost, and ingestion occurs by suction arising from rapid enlargement of the buccal mass [Susswein et al., 1987] . Here, we examine two examples of gastropods that employ a grazing consummatory strategy consisting of cyclic repetitions of three basic movements: protraction, retraction, and hyperretraction of a radula/odontophore complex. In the pulmonate snail, Helisoma trivolvis and the opisthobranch sea slug, Aplysia californica as well as related animals, this structure is a chitinous tooth-covered radula attached to a tongue-like cartilaginous odontophore ( fig. 1 ). Although its action during ingestion in Helisoma resembles a rasping or scooping movement that scrapes food from the substrate, the ingestive behavior that has been most extensively examined in Aplysia cor- Rosen et al., 2000a] . This preparation includes the radula with its support structures (e.g. the rotella) and the innervation from the buccal ganglion (buccal g.) and cerebral ganglion (cerebral g.) via the radula nerve (radula n.) as well as the cerebral-buccal connective (C-B conn.). The external (dorsal) surface of the radula is viewed from above (anterior toward the top, posterior toward the bottom). This orientation corresponds to the resting position of a non-feeding specimen.
During a bite, the odontophore is rotated in the anterior direction, bringing the grasping surface into contact with the potential food. During this phase of radula protraction, the two radula halves become closed around the medial longitudinal groove, serving to grasp the food prior to its subsequent retraction and backward rotation, transporting the food into the oral cavity. Right panel:
A similar view of odontophore-CNS preparation of Helisoma trivolvis . Note that the lip of the odontophore at the anterior end of the radular groove is relatively broader than that of Aplysia . The odontophore of Helisoma is used as a scoop and the lateral walls do not close. The posterior buccal nerves (PB n.) of Helisoma correspond to the radula nerve of Aplysia .
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Brain Behav Evol 2009; 74:219-230 221 responds to the grasping or biting movements that are performed to consume a strip of seaweed [see Kupfermann, 1974a, b] . This report considers two sets of neurons that were originally characterized using immunohistochemical studies aimed toward localizing specific neuromodulators in the Helisoma and Aplysia feeding systems. The neurons to be examined include (1) a cluster of cells on the rostral surface of the buccal ganglia that exhibits immunoreactivity to antibodies raised against the molluscan small cardioactive peptide B (SCP B ) [see Lloyd et al., 1987; Masinovsky, et al., 1988] ; and (2) a set of octopamine immunoreactive neurons on the caudal surface of the buccal ganglia. We review evidence that suggests homology of these cell types and propose that their roles have been largely conserved in the context of a fundamental tripartite CPG that controls radula/odontophore protraction, retraction and hyperretraction [Murphy, 2001] . In contrast, major differences in the feeding systems of Aplysia and H e lisoma are attributed to the existence of radular closure in Aplysia and the plasticity of its occurrence with respect to the core tripartite protraction-retraction-hyperretraction feeding cycle. Such closure movements do not occur in Helisoma . One consequence of this adaptation might involve modifications in the innervation patterns of analogous, possibly homologous muscles.
The Radula/Odontophore Complex of Aplysia and Helisoma : A Structural and Functional Comparison
A comparison of the central neural circuits that control consummatory behaviors of Aplysia and Helisoma can best be appreciated in the context of the peripheral structures that execute these actions. The neuromuscular systems mediating feeding in Aplysia and Helisoma are remarkably similar with some notable differences. A direct comparison might be accomplished in partially dissected pharyngeal muscular buccal masses of the two species ( fig. 1 ). In these preparations, anterior dorsal slits were made to divide the muscles forming the dorsal walls of the buccal masses. The cut muscles were pinned laterally to expose the dentated radulae covering the odontophoral 'cartilages' (complex tissue that is not true cartilage).
The odontophores of Aplysia and Helisoma both have a pronounced concavity in the dorsal aspect forming a radular groove; however the radulae of the two gastropods function differently during their typical feeding modes. Aplysia generally feeds on stem-like seaweed that it grasps with its radula and pulls into the oral cavity [Kupfermann, 1974a] . During Aplysia feeding, the radula is protracted in the open configuration. The lateral walls of the radular groove are then closed in apposition to each other, thereby grasping the seaweed. The radula halves remain closed throughout retraction, moving the food into the oral cavity. During egestive movements, the radula is closed during protraction and opened prior to retraction, thus moving material toward the exterior. By contrast, in Helisoma closure of the walls lining the radular groove does not occur during ingestive or egestive actions. Rather, Helisoma uses the odontophore as a scoop with the file-like radula being retracted over the lip of the odontophoral scoop, rasping microscopic algae from the substrate. The scoop is broadest during protraction and becomes progressively narrower through retraction and hyperretraction, but the walls of the scoop never become apposed to each other. In addition, Helisoma can also sweep the lip of the odontophore past the dorsal mandible in a scissoring movement to cut off pieces of macrophytes.
The functional differences between the radula/odontophore systems of Aplysia and Helisoma are reflected by their neuromuscular control. Radular closure in Aplysia is accomplished primarily by muscles I4 and I6. I4 appears to be analogous to the supralateral radular tensor (slrt) muscle of basommatophoran snails. The slrt muscle helps to retract and hyperretract the odontophore and to retract and tense the radula. The innervation of these muscles in the two gastropods is quite different. The I4 closure muscle of Aplysia receives major innervation from a pair of motor neurons, B8a and B8b, with axons in the radula nerve, equivalent to the pair of posterior buccal nerves of Helisoma [Morton and Chiel, 1993b; Church and Lloyd, 1994] . In Helisoma the slrt is controlled by a set of retraction phase and hyperretraction phase motor neurons including B110 [Zoran et al., 1989; Szabo, 2001 ] and B18 and B19 [Kater, 1974; Arnett, 1996] . These neurons all have axons in the ventrobuccal nerves equivalent to the buccal nerve 3 (Bn3) of Aplysia . Neurons corresponding to the B8a and B8b radula closure motor neurons of Aplysia do not appear to be present in Helisoma .
Radula Mechanoafferent Neurons in Aplysia and Helisoma
Radula Mechanoafferent Cells of Aplysia californica Immunohistochemical studies using a polyclonal antibody generated against the molluscan SCP B identified a cluster of approximately 40 apposed cell bodies on the rostral surface of each buccal hemiganglion ( fig. 2 A 1 ) [Miller et al., 1994 ; see also Lloyd et al., 1987] . Although the neurons comprising this group exhibited heterogeneity of size and shape, dye injections showed that they all projected an axon to the radula nerve. These fibers innervated the subradula tissue (srt), a thin muscular sheet lining the internal surface of the food-grasping radula. Several observations indicated that these neurons transduce tactile stimuli applied to the radula surface: (1) each cell responded to the touch of a circumscribed receptive field with a rapidly adapting burst of action potentials ( fig. 2 A 2 ); (2) the evoked spikes generally arose abruptly from the resting potential without prepotentials; and (3) the responses persisted when central and peripheral synaptic transmission was blocked in high Mg 2+ , low Ca 2+ artificial seawater solutions. Based upon these observations, the rostral clusters of SCP B -immunoreactive neurons were designated radula mechanoafferents (RM) [Miller et al., 1994] .
To date, two of the RM neurons (designated B21 and B22) have been individually identified based upon their size, shape, position, and synaptic connectivity [Cropper et al., 1996; Rosen et al., 2000a, b] . The presence of these large identified mechanosensory cell bodies within the buccal ganglion has enabled investigators to explore a spectrum of questions concerning sensorimotor integration in the context of the feeding CPG [Cropper et al., 1996; Alexeeva et al., 1998; Borovikov et al., 2000; Evans et al., 2003a Evans et al., , b, 2005 Evans et al., , 2007 Evans et al., , 2008 . Initially, B21 was observed to receive excitatory synaptic input during the retraction phase of fictive buccal motor programs (BMPs) ( fig. 2 A 3 ), suggesting that this cell was influenced by the buccal CPG, and not simply responding to peripheral tactile stimuli [Rosen et al., 2000a; see also Miller et al., 1994] . Furthermore, the RMs sometimes fired only during late retraction or possibly during hyperretraction (compare fig. 2 A 3 with fig. 3 A) . B21 was also found to exert extensive chemical and electrical synaptic actions on buccal motor neurons and interneurons [Rosen et al., 2000a] , including rapid EPSPs that were shown to be mediated by glutamate [Klein et al., 2000] . Collectively, these observations led to the proposal that B21 could participate in generating the phase transition from radula protraction to retraction or in switching from biting to swallowing [Borovikov et al., 2000; Rosen et al., 2000a] .
A more complex role for B21 was suggested when it was shown to act as a proprioceptor in addition to its previously described exteroceptive function [Cropper et al., 1996; Borovikov et al., 2000] . When motor programs were elicited in a semi-intact buccal system in which the srt retained its innervation, srt contractions and centripetal B21 impulses occurred during the BMP protraction phase [Borovikov et al., 2000] . Interestingly, impulses generated during protraction might not generate synaptic responses in many of the postsynaptic targets of B21, as the centrally derived somatic depolarization that occurs during retraction can act in a permissive fashion to gate impulse conduction through its inexcitable cell body [Evans et al., 2003a [Evans et al., , b, 2005 [Evans et al., , 2007 [Evans et al., , 2008 . Finally, injection of depolarizing current into a single B21 to increase firing during the retraction phase of ingestive BMPs produced a significant prolongation of fictive retraction [Shetreat- Klein and Cropper, 2004] . Together, the response properties, synaptic connections, firing patterns, and central gating of B21 activity led to the proposal that it can contribute to prolonging the closure/retraction phase of BMPs when the radula grasps food, and that this augmented BMP retraction phase could contribute to the hyperretraction of the radula that occurs during swallowing (see Discussion) Shetreat-Klein and Cropper, 2004] .
Radula Mechanoafferent Cells of Helisoma trivolvis
The rostral cluster of small cardioactive peptide B-like immunoreactive (SCP-li) neurons in the (termed the B101 cluster) buccal ganglion of Helisoma was initially described in the mid-1980s [Murphy et al., 1985; Lukowiak and Murphy, 1987] , using a monoclonal antibody (provided by A.O.D. Willows, S. Kempf, and B. Masinovsky). The cluster was always composed of four larger neurons and at least five smaller cells ( fig. 2 B 1 ). The four largest neurons in the cluster are called B101-B104 (formerly VB1-VB4) [Murphy, 2001] . Neurons B101-B104 each project axons to both posterior buccal nerves [Lukowiak and Murphy, 1987] . Neurons B101 and B102 are the two largest members of the cluster, with the soma of B101 being more laterally positioned than that of neuron B102. Recently, the B101 cluster became a focus of the Ph.D. thesis of M. Delfeld (now Wentzell) [2008] who examined the presence or absence of homology between these neurons and the SCP-li RMs of Aplysia . The Helisoma neuron B101 cluster also proved to be RMs, responding to light touch of the radula surface ( fig. 2 B 2 ). Such stimuli triggered depolarizations that sometimes exceeded the threshold for action potentials in the neuron B101 cluster neurons ( fig. 2 B 2 ). The most striking physiological characteristic of the neurons in the B101 cluster was their 'influential' capacity [terminology of Arshavsky et al., 1988] in the control of phase 3 (odontophore hyperretraction). Miller et al., 1994] . A cluster of closely apposed medium-sized (20-80 m) sensory neurons was located in the central region of each hemiganglion (arrows). The larger cell bodies located more ventrally are motor neurons that also contain the small cardioactive peptides A and B [see Church and Lloyd, 1991] . A 2 Intracellular recording from one of the neurons in the RM cell cluster [modified from Miller et al., 1994] . Responses to a 1 g von-Frey-hair applied to the radula surface for progressively increasing durations (stimuli indicated by the horizontal bars). Impulses were not preceded by synaptic activity. Note that the response to the longest stimulus (1 s) exhibited rapid adaptation. A 3 Activity in three RM neurons (RM-1, RM-2, and RM-3) during a spontaneous buccal motor program. Importantly, this recording was obtained from a preparation in which the buccal ganglion remained attached to the radula/odontophore (see fig. 1A ) [modified from Miller et al., 1994] .
Recording from the multifunctional neuron B4/5 was used as a reference for determining the phase of activity of the RM neuron. The RM neurons depolarized and some fired repetitive brief bursts during the late phase of B4 firing. B 1 SCP-li neurons viewed from the rostral surfaces of the buccal ganglia of Helisoma trivolvis . Arrows point to the mechanoafferent neuron cluster. Some caudal somata, for example the lateral giant salivary neurons, showed through the ganglia. B 2 Mechanical stimulation of the radula of a semi-intact Helisoma preparation while recording from mechanoafferent neuron B101. A fine wire was mounted in a micromanipulator and mechanically apposed to the surface at the arrows. B 3 Simultaneous intracellular recordings from protraction phase motor neuron B6, retraction phase motor neuron B110, and hyperretraction phase SCP-li radular mechanoafferent B101, during a fictive feeding motor pattern. bn1 = Buccal nerve 1; buc c. = buccal commissure; pb n. = posterior buccal nerve; rad n. = radular nerve; RM = radular mechanoafferent. At the time they were identified, the rostral buccal ganglia surfaces of basommatophoran snails were referred to as 'ventral' and the caudal surfaces were termed 'dorsal' [e.g. Kater, 1974; Rose and Benjamin, 1981] , thus the four larger SCP-li neurons were labeled VB1-VB4 [Murphy, 2001] . The buccal ganglia surface designations were subsequently changed to the more anatomically precise 'rostral' and 'caudal' and the 'V' was dropped from the labels of neurons on the rostral surfaces, with the number '1' substituted. Hence, neurons VB1-VB4 became neurons B101-B104 [Murphy, 2001] .
In addition to firing during phase 3 of the triphasic feeding motor pattern ( fig. 2 B 3 ), these neurons could evoke phase 3-like PSPs in motor neurons when depolarized [cf.
figs. 7 and 8 in Lukowiak and Murphy, 1987] . In addition, hyperpolarization of B101 cluster neurons during ongoing buccal motor patterns eliminated phase 3 PSPs.
Further support for homology between the B101 neurons and the RM cells was obtained in exploratory experiments conducted on Aplysia , in which the activity of some motor neurons suggested that its phase of radula retraction could be partitioned into two subphases, that is retraction and hyperretraction [ fig. 3A ; see also Jing et al., 2004; and Discussion] . Finally, dual immunocytochemical experiments [Delfeld, 2008] showed that Helisoma neuron B102 stained for both glutamate and SCP ( fig. 3 B) , further suggesting homology with Aplysia neuron B21. Delfeld [2008] also showed that the Helisoma mechanoafferents evoked widespread PSPs in neurons that were not active during phase 3 in addition to those active during phase 3. The presence and amplitude of these PSPs were a function of the timing of stimulation of the RMs within a feeding cycle, as demonstrated in the B21 neuron of Aplysia [cf. Evans et al., 2003b Evans et al., , 2007 Evans et al., , 2008 .
Octopamine-Like Immunoreactive Interneurons
The second set of neurons to be addressed consists of three octopamine-like immunoreactive (OA-li) neurons on the caudal surface near the buccal commissure: one bilateral pair of neurons and one unpaired neuron ( fig. 4 ) .
Octopamine-Like Immunoreactive Buccal
Interneurons in Aplysia A recent report described three moderately sized ( ϳ 80 m diameter) OA-li neurons in the paired buccal ganglia of A. californica [Martínez-Rubio et al., 2008 ]. An additional investigation demonstrated a pattern of OA-li in the buccal ganglion of Aplysia dactylomela (subgenus Varria) that was indistinguishable from that observed in A. californica ( fig. 4 A 1-3 ) . In both Aplysia species, two of the three OA-li somata were located in bilaterally symmetric positions in the medial region near the caudal surface of each hemiganglion. The third OA-li buccal neuron was usually located within the buccal commissure that joins the two hemiganglia. There was some variation in the precise position of this third cell, which tended to be skewed toward the left hemiganglion. In no instance was a contralateral counterpart detected. Although the immunolabeling did not permit extensive tracing of the projections from the three buccal OA-li neurons, it was usually possible to detect a stout axon hillock from each of the bilateral paired cells oriented toward the buccal commissure ( fig. 4 A 2 ). The unpaired cell had a bipolar profile, with major projections originating from its soma projecting toward the neuropil regions of each buccal hemiganglion. No OA-li fibers were observed in any of the buccal nerves or on peripheral tissues associated with the buccal ganglion, e.g. buccal muscles, pharynx, and the esophagus. One OA-li fiber was sometimes detected in the cerebral-buccal connective ( fig. 4 A 3 ), but it was not possible to determine its origin.
Octopamine Immunoreactive Neurons in the Buccal
Ganglia of Helisoma In Helisoma , three OA-li neurons were collectively designated neuron N3a [Quinlan and Murphy, 1996] . They are all morphologically and physiologically similar. Injection of all three N3a neurons in a single preparation with Lucifer yellow showed them to project to the contralateral hemiganglion, but no processes were seen to project to the periphery or to other ganglia (cf. fig. 4 B 1 ) . Dual staining of N3a neurons has also been observed in experiments combining dye injection with octopamine immunoreactivity (data not shown).
The N3a OA-li cells were found to act as the principal subunit 3 CPG interneurons of the Helisoma feeding CPG. During feeding motor programs, they fire primarily during the hyperretraction phase 3 [Quinlan and Murphy, 1996] . Their firing during hyperretraction is caused, in part by postinhibitory rebound following synaptic inhibition by the retraction phase CPG subunit 2 interneuron B2 [Quinlan et al., 1995] . The postinhibitory rebound of N3a is enhanced by serotonin. It is important to note that these neurons could be rhythmically active in the absence of inhibition from subunit 2. They were shown to participate in phase 3-2 and 3-2-3 motor patterns, in addition to the standard 1-2-3 feeding motor pattern [Quinlan and Murphy, 1996] . Importantly, they excite the motor neurons that are primarily active during the hyperretraction phase of feeding and inhibit those that are inhibited during hyperretraction. Hyperpolarization of neurons N3a during feeding or during nonfeeding motor patterns reduces or eliminates phase 3 or phase 3-like activity in motor neurons.
Discussion
The data reviewed here underscore several related questions: (1) Does the buccal CPG of Aplysia include a third subunit that is active during the hyperretraction (swallowing) phase of feeding? (2) If such a subunit is present, to what extent does it provide the primary drive to the motor neurons active during hyperretraction? (3) Do the octopamine immunoreactive neurons of Aplysia , which are apparently homologous to Helisoma neurons N3a, serve as the hyperretraction subunit of the buccal CPG? (4) Do the SCP-li radula mechanoreceptors of Aplysia provide excitatory drive to the OA-li neurons? If so, (5) do the RM neurons of Aplysia influence the occurrence of CPG subunit 3 activity, as observed in Helisoma?
The movements of the radula-odontophore complex that occur during Aplysia feeding have been exceptionally well characterized [Weiss et al., 1986; Morton and Chiel, 1993a, b; Neustadter et al., 2007] and much is known about the neuromuscular and CPG elements that produce these actions [Susswein and Byrne, 1988; Plummer and Kirk, 1990; Church and Lloyd, 1994; Cropper et al., 2004] . In contrast to the Helisoma feeding motor programs, where the presence of a distinct third phase that produces hyperretraction of the radula/odontophore and facilitates swallowing is apparent [e.g. Quinlan and Murphy, 1996] , the presence of an analogous phase 3 in Aplysia remains uncertain [see Cropper et al., 2004] .
Interestingly, however, the observations reviewed here indicate that much of the circuitry that is responsible for phase 3 activity in Helisoma is also present in the Aplysia feeding system. It seems evident that the rostral cluster of SCP-li neurons in Aplysia is homologous to the Helisoma cluster. Each group is composed of radula mechanoreceptors with axons in equivalent nerves: Aplysia 's radula nerve and Helisoma 's posterior buccal nerves. One of the largest SCP-li neurons in each animal, Aplysia B21 and Helisoma B102, is also glutamatergic. Moreover, each set has central synaptic effects that are dependent upon the timing of activation within the motor pattern.
Although the physiological and functional properties of the OA-li interneurons of Aplysia are not known, their anatomical features suggest that they are also homologous to the N3a cells of Helisoma . These anatomical features also invite comparison to a set of three well-studied OA-li neurons (termed OCs) in the feeding motor system of Lymnaea stagnalis Elliott, 2000, 2001; Vehovszky et al., , 2004 . The OCs are widely-acting buccal interneurons that fire during the swallowing phase of feeding motor programs [Vehovszky and Elliott, 2001] . OC synaptic actions influence follower neurons over a range of temporal intervals and can activate and reconfigure motor programs [Vehovszky et al., 1998 [Vehovszky et al., , 2004 [Vehovszky et al., , 2005 . They were therefore proposed to act as intrinsic modulators of the Lymnaea feeding CPG, rather than sensu stricto CPG participants Elliott, 2001, 2002] . Although the modulatory actions of the OA neurons are well documented [e.g. Vehovszky and Elliott, 2002; Vehovszky et al., 2004] , their direct excitation of motor neu-rons that fire prominently during 'swallowing' (e.g. B4) would appear to support their inclusion in the CPG [see also review of Chase, 2002] and their functional homology to the N3a neurons of Helisoma . Part of the hesitancy to consider the Lymnaea OCs as CPG phase 3 interneurons might be attributable to the fact that CPG organization is plastic and subunit 3 activity does not obligatorily occur only after phase 2 [see Quinlan and Murphy, 1996; Murphy, 2001] .
Functional Considerations
The comparison of molluscan feeding circuits performed here emphasizes commonalities in certain sets of neurons that influence circuit output, i.e., the parameter upon which evolution acts [Dumont and Robertson, 1986; Arbas et al., 1991] . A notable difference between present models of the feeding CPGs of Helisoma and Aplysia reflects the readiness with which a third hyperretraction phase can be observed occurring in their motor programs. We propose that insight into this difference can be disclosed via further study of the neurons examined here.
In the rasper Helisoma , the RM neurons appear to act chiefly to compensate for load increases as the odontophore is swept across harder or more adhesive substrata ( fig. 5 ). This compensation will promote more powerful activation of those muscles such as the slrt muscle (A. I4) and the anterior jugalis (A. I3) that normally provide the intense pull on the odontophore to hyperretract it to the opening of the esophagus. Functionally, the most prominent role of the SCP-li RM neurons in Helisoma is their 'influential' control over the synaptic excitation that drives hyperretraction phase motor neurons. This influence is thought to derive from electrotonic coupling with the octopaminergic N3a neurons. Although this coupling has not been directly documented due to the unfavorable locations of B101 (rostral surface) and N3a (caudal surface) for simultaneous recording, both neurons are known to be electrically coupled to the hyperretraction phase motor neuron B19.
In A. californica , fictive 'swallowing' corresponds to a prolongation of the retraction phase, also referred to as hyperretraction, during which both retraction and closure are enhanced and prolonged [cf. Weiss et al., 1986; Cropper et al., 1990; Evans and Cropper, 1998; Jing et al., 2004] . The timing of RM neuron firing ( fig. 2 ) Cropper et al., 2004] , closure of the radula, which can be initiated by several pathways [see e.g. Plummer and Kirk, 1990; Evans and Cropper, 1998; Jing et al., 2004] , begins near the peak of protraction and is primarily associated with the retraction phase. Lower panel: when a bite does encounter food or exteroceptive resistance, the SCP mechanoafferents are activated during the late phase of protraction. In Helisoma , they act in an 'influential' fashion on the OA-li interneurons (dashed curved arrow), increasing the intensity and duration of their firing (bold text, compare to upper panel). In Helisoma , this causes a stronger and more prolonged hyperretraction phase. We propose that the RM cells of Aplysia will similarly promote strong activation of the OA-li neurons and enhanced hyperretraction movements. The well characterized direct actions of the Aplysia RM neurons on radula closer motor neurons [Rosen et al., 2000a; Shetreat-Klein and Cropper, 2004] will contribute to coordinating radula closure with the prolongation of radula retraction.
closure of the radula as it retracts during ingestion of the stick-like algae serving as food. The direct excitatory signaling from B21 to the radula closer motor neuron B8 has been analyzed in great detail [Klein et al., 2000; Rosen et al., 2000a; Evans et al., 2003a Evans et al., , b, 2005 Evans et al., , 2007 Evans et al., , 2008 , and depolarization of a single RM cell has been shown to be capable of prolonging the closure/retraction phase of carbachol-induced ingestive motor programs [Shetreat- Klein and Cropper, 2004] .
There is thus strong evidence for the participation of the RM cells in a direct sensory-to-motor neuron pathway that conjointly prolongs both radula retraction and closure in Aplysia [see 'Discussion' of Shetreat- Klein and Cropper, 2004] . Such a mechanism, coupled with the fact that distinct transitions from retraction to hyperretraction are rarely noted in motor neuron firing patterns would appear to circumvent the need for a dedicated hyperretraction CPG controller or module. By comparing the activity of an unidentified buccal motor neuron with that of the retraction phase neuron B4/5, however, Murphy [2001] proposed that such a phase transition could in fact be discriminated (see fig. 3 ). Moreover, detailed examination and quantification of B8 neuron activity during fictive swallowing motor programs enabled Jing and coworkers [2004] to clearly resolve a phase of hyperretraction. We hypothesize that the OA-li neurons near/in the commissure of Aplysia , in keeping with their apparent role in the grazing pulmonates, act as hyperretraction phase interneurons in the Aplysia feeding CPG ( fig. 5 ) . Bullock [2002] advised against dwelling upon commonalities and homologies that can distract comparative studies from the primary role of evolution -i.e. to create differences. Thus, although our central hypothesis emphasizes conserved circuit elements within the core gastropod CPG, major differences in the neural control of feeding in Aplysia with respect to that of the basommatophoran snails involve the control of radula closure and its plasticity of timing with respect to the phases of protraction, retraction and hyperretraction.
Regulation of radula closure, which does not occur in the rasping snails, appears to involve significant differences in the innervation of possibly homologous muscles, Aplysia I4 and Helisoma slrt. Whereas the I4 muscle of Aplysia receives major innervation from B8 via the radular nerve (= the posterior buccal nerves of Helisoma ), the slrt of Helisoma is innervated by a number of large motor neurons, e.g., B18, B19, B110, via the ventrobuccal nerve (= BN3 of Aplysia ). If the innervation of I4 by neuron B8 is a derived condition associated with radula closure, it raises the interesting and testable hypothesis that herbivorous opisthobranchs with non-closing radulae might have an innervation pattern of muscles analogous, possibly homologous to Aplysia I4 that is more like the innervation pattern of Helisoma slrt muscles. Cephalaspids such as Bulla and Haminoea that feed primarily on diatoms and filamentous algae [Malaquias et al., 2009] could present opportunities to test this hypothesis. If muscle innervation patterns can shift so readily as a function of feeding mode and ecological niche, a number of interesting correlates could emerge. For instance, it would be more difficult to ascribe directionality to changes in muscle innervation patterns. It might also imply that homologies in neuromuscular systems might be difficult to establish at the level of motor neurons.
In addition to the Aplysia, Helisoma and Lymnaea systems discussed here, aspects of the neuronal control of feeding have been investigated in a wide range of pulmonate and opisthobranch mollusks. A sample would include Planorbis [Arshavsky et al., 1988] , Limax [Gelperin et al., 1978] , Helix [Peters and Altrup, 1984] , Achatina [Yoshida and Kobayashi, 1992] , Navanax [Cappell et al., 1989] , Tritonia [Bulloch and Dorsett, 1979] , Pleurobranchaea [Gillette and Gillette, 1983] , and Clione [Moroz et al., 2000] . Each of these feeding motor systems contains many uniquely identifiable neurons. Possible homologous neurons are readily apparent in closely related species and still discernible in distantly related species. There has been a vast radiation of ecological niches and divergence of gastropod feeding strategies, especially among the opisthobranchs. Thus, these species provide ample opportunities, not only for examining neuronal homologies, but also for studies of evolutionary divergence. Clearly, our understanding of each of these systems will be enriched by comparing the findings in one with those of the others.
